The potential predictors of ischemic heart disease mortality were studied for 931 male foundry workers in Finland who participated in a health examination in 1973. These workers were followed up to 1993 through registers and by using a questionnaire. In 1973, the systolic and diastolic blood pressures of workers exposed to carbon monoxide (CO) were slightly higher than those of unexposed workers. The prevalence of angina pectoris showed a clear dose-response relation to CO exposure. Electrocardiogram (ECG) findings indicating past myocardial infarction or suggesting coronary artery disease as a function of smoking and/or CO exposure were not evident. In the 1987 follow-up, the rate ratio for ischemic heart disease mortality was estimated as 4.4 for CO-exposed smokers compared with unexposed nonsmokers. Ischemic heart disease mortality in 1973-1993 was analyzed by using the Cox proportional hazards model. The statistically significant predictors were age, pathologic ECG findings in 1973, regular CO exposure, and abundant alcohol drinking. Of the ECG findings, changes in Q or QS and ST-J or ST waves and in ventricular extrasystoles were statistically significant. The risk of mortality from ischemic heart disease was increased by working in iron foundries, by hypertension, and by smoking. Am J Epidemiol 2000;152:628-32. carbon monoxide; electrocardiography; hypertension; morbidity; mortality; myocardial ischemia; occupational exposure Received for publication June 14, 1999, and accepted for publication December 3, 1999.
The best-known risk factors for cardiovascular diseases are of nonoccupational origin: high blood pressure, high levels of low density lipoprotein cholesterol and low levels of high density lipoprotein cholesterol, and smoking. However, even occupational and environmental factors, such as shift work (1), job strain (2) , physical inactivity at work (3), unemployment (4), passive smoking (5) , and exposure to carbon monoxide (CO) (6) , have been of concern. For instance, exposure to CO at levels at or above current New York City standards has been associated with a significant 35 percent increase in ischemic heart disease mortality (7) . In addition, during long-term follow-up, the interaction of different risk factors will confound the association between CO exposure and cardiovascular disease.
In 1973, the Finnish Institute of Occupational Health (Helsinki, Finland) carried out a health examination of 931 current foundry workers. Included were measurements of systolic and diastolic blood pressure and of body mass index, an electrocardiogram (ECG), and a questionnaire on angina pectoris (8) . The results showed that the systolic and diastolic blood pressures of CO-exposed workers were slightly higher than those of unexposed workers when age and smoking habits were taken into consideration (9) . The prevalence of angina pectoris showed a clear dose-response relation to CO exposure for occupation, smoking, or both. Not evident were ECG findings of past myocardial infarction or coronary artery disease as a function of smoking, CO exposure, or both.
Follow-up of the same cohort in 1987 showed that the agestandardized incidence densities per 1,000 persons for compensated medication for hypertension were 9.1 for unexposed nonsmokers and 21.4 for exposed smokers (rate ratio (RR) ϭ 2.3, 95 percent confidence interval (CI): 0.97, 6.35). The difference in the entire cohort was caused by the greatest difference among iron foundry workers, for whom the rates were 8.1 and 24.0, respectively (RR ϭ 3.0, 95 percent CI: 0.96, 9.78) (10). The age-standardized mortality rates for ischemic heart disease were 1.0 for nonsmokers with no or slight occupational CO exposure and 7.3 for exposed smokers (95 percent CI: 1.39, 60.96). The Poisson multiplicative regression model estimated the rate ratio as 4.4 (95 percent CI: 1.27, 15.08) for CO-exposed smokers compared with unexposed nonsmokers.
The aim of the present study was to estimate the potential predictive value of the 1973 cardiovascular health examination for ischemic heart disease mortality in foundry workers during 20 years of prospective follow-up.
MATERIALS AND METHODS

Subjects
This study comprised 931 men hired in 1950-1972 by 20 foundries. The men were still actively working in foundries in 1972, had been potentially exposed to CO for at least 4.2 years, and took part in a health examination in 1973. They completed a questionnaire on symptoms and diagnosed diseases, including a history of chest pain and cardiovascular diseases diagnosed by a physician, as well as smoking habits. Blood pressure and body mass index measurements were included in the health examination, as was a 12-lead resting ECG (9) . The data collection methods have been described in detail previously (9, 11) . The study was based on an agreement with labor market organizations, and the Research Committee of the Finnish Institute of Occupational Health approved the research protocol. Participation in the study was voluntary and was based on written information. The ECGs were coded according to the Minnesota code (8); ventricular extrasystoles were coded by using the Scandinavian ECG classification (12 (9, 13) .
The same foundry workers were followed up to 1993 through registers and by using a questionnaire. The vital statuses and addresses of the workers were traced through the Population Information System. Causes of death categorized according to the International Classification of Diseases, Eighth Revision (14) were acquired from Statistics Finland, and codes 410.00-414.99 were classified as ischemic heart disease. Morbidity from cardiovascular diseases during follow-up was measured with the use of medication, for which special compensation (80-100 percent) is granted by the national sickness insurance law. Coronary heart disease, cardiac insufficiency, cardiac arrhythmia, and hypertension were the cardiovascular diseases for which specially compensated medicines could be granted. Data on specially compensated medication were obtained from the Social Insurance Institution. The questionnaire study on occupational history, smoking, and drinking habits was carried out in 1993.
Exposures
In 1972, CO levels were measured in 52 iron, 10 steel, and 5 nonferrous foundries (15) . The hygienic standard for CO (50 cm 3 × m 3 ) was exceeded in 72 percent of the air samples from the iron foundries, 9 percent of the samples from the steel foundries, and 20 percent of the samples from the nonferrous foundries. The blood carboxyhemoglobin content of iron foundry workers exceeded 6 percent in 71 percent of the smokers and 28 percent of the nonsmokers. On the basis of these CO measurements, the foundry occupations were divided into three categories: 1) regular CO exposure: casters, furnacemen, and knockout men; 2) occasional or slight CO exposure: fettlers, truck drivers, crane operators, and loader drivers; and 3) no CO exposure: floor molders, machine molders, coremakers, ingot casters, and other workers. To analyze the data, the lifetime timeweighted average of the three CO exposure scores obtained until the end of 1992 from the questionnaire was used to define the main exposure category for each worker.
Potential confounding exposure to polycyclic aromatic hydrocarbons and heat was controlled for in the follow-up until 1987 (10) . No dose-response relation was found between this exposure and cardiovascular diseases. Confounding exposure to heat was difficult to control, because the same occupational groups were exposed to both CO and heat. At the time of the health examination (1972) (1973) , there were no remarkable differences in the degree of heat present in the iron and steel foundries; however, differences in CO exposure were evident (15) . In the 1987 follow-up, the dose response according to CO exposure and smoking was more evident for iron foundry workers than for steel and nonferrous foundry workers (the total number of nonferrous foundry workers was very small, only 53) (10) .
The confounding effect of smoking was controlled for in the analysis. Smoking habits were classified according to the questionnaire data received in 1993. These data showed good validity when compared with those obtained in 1973 (93 percent of the respondents were in the same smoking category 20 years later) (10) .
Similarly, the confounding effect of alcohol drinking was controlled for in the analysis on the basis of the 1993 questionnaire data. The questionnaire classified lifetime alcohol drinking into three categories: abundant, moderate, or no use.
Statistical analysis
Ischemic heart disease mortality in 1973-1993 was analyzed with the Cox proportional hazards model (16, 17) . Parameters of the model were estimated by using the partial likelihood method. Interaction tests were based on the likelihood ratio test (used when there are two or more parameters) or the Wald chi-square test for the parameter (used when interaction comprises only a single parameter). Interactions between the following variables were tested: smoking and CO exposure, ECG and angina pectoris, type of foundry (iron, steel, or nonferrous) and CO exposure, and hypertension and angina pectoris. The SAS software system (version 6.12; SAS Institute, Inc., Cary, North Carolina) was used for statistical analysis.
The following variables measured during the 1973 health examination were incorporated into the model: age, body mass index, hypertension (yes, if diastolic blood pressure was ≥95 mmHg or systolic blood pressure was ≥160 mmHg; no, if diastolic blood pressure was <95 mmHg and systolic blood pressure was <160 mmHg), mild or severe angina pectoris (whether prevalent or not; classified according to Rose and Blackburn (8) ), and ECG findings (pathologic, slight changes, or normal) (9) . The following variables were obtained by questionnaire in 1993: duration of foundry employment, main type of foundry (iron, steel, or nonferrous), category of CO exposure (regular, occasional, or no), smoking habits classified according to lifelong smoking history (current smokers, former smokers, or nonsmokers), and alcohol drinking habits (abundant, moderate, or no use). In addition, separate models were computed for different ECG patterns (if changes were abnormal or not) as well as for the combined variables indicative of past myocardial infarction and suggestive of coronary heart disease classified according to Pyörälä et al. (13) . Persons who had reported on the 1973 questionnaire earlier diagnosed heart disease or diagnosed hypertension or who had a registered specially compensated medication for these diseases were excluded from the model (a total of 65 men).
RESULTS
In the model, the statistically significant predictors of ischemic heart disease death were age, pathologic ECG findings, regular CO exposure, and abundant alcohol drinking (table 1). The risk of mortality from ischemic heart disease was increased by working in iron foundries, by hypertension, and by smoking, but the effect of these factors did not reach a statistical significance of p ϭ 0.05. The rate ratio for current smoking was regularly about 2.00 in the models, but when the abundant alcohol drinking variable was included, the standard error of the coefficient of the smoking variable increased. Therefore, the rate ratio for current smoking was not statistically significant. The rate ratio for CO exposure decreased slightly when only age and smoking were controlled for (regular exposure: RR ϭ 1.97, 95 percent CI: 0.94, 4.16; occasional exposure: RR ϭ 1.72, 95 percent CI: 0.87, 3.38) (data not shown). The other variables, body mass index and number of years of exposure, did not explain the findings for ischemic heart disease mortality.
A pathologic ECG finding in 1973 was an important predictor of ischemic heart disease mortality. Current smoking or abundant alcohol drinking did not decrease its significance as a predictor. When this variable was excluded from the model, the coefficients of the other variables essentially did not change.
In detailed analysis by type of ECG abnormality (table 2) , changes in Q and QS waves and ST-J and ST waves and in uni-or multifocal ventricular extrasystoles were statistically significant. The rate ratio for the combined indicative myocardial infarction variable was statistically significant at 2.26. The other combined variable, suggestive coronary heart disease, that is, ECG changes suggestive of coronary artery disease, had a rate ratio of 1.64 that did not reach statistical significance, however.
In the model in which the indicative myocardial infarction variable was used instead of the unspecified pathologic ECG finding variable, hypertension also was a statistically significant predictor of mortality from ischemic heart disease. When the variable defined as compensated medication for congestive heart failure (including medication for coronary heart disease, cardiac insufficiency, or cardiac arrhythmia) was added to the model, its role as a predictor was negligible. The same was true for the variables defined as compensated medication for hypertension and as years of medication for hypertension. The coefficient of the years of medication for hypertension variable was negative but not statistically significant. Thus, medication for hypertension decreased ischemic heart disease mortality slightly.
DISCUSSION
The causal effect of long-term occupational CO exposure on cardiovascular diseases is difficult to evaluate because the biologic mechanism is complex (6, 18) . Furthermore, there are only a few high-quality methodological epidemiologic studies on this topic (6) . Occupational exposure to CO is often confounded or modified by individual habits or characteristics or by other occupational exposures (3, 6, 19) . All of them cannot be similarly controlled for in each study; for example, diet habits, cholesterol, and physical activity were not measured in the present study. In addition, foundry workers are selected into and out of jobs for health reasons, and health selection also hampers interpretation of the results (20) .
The Finnish workers in the steel and nonferrous foundries were exposed to less CO than those in the iron foundries. The carboxyhemoglobin levels of iron foundry workers were high. Furthermore, the carboxyhemoglobin levels of smokers were clearly higher than those of nonsmokers. Therefore, the effect of occupational CO exposure was obviously increased by smoking (15) .
In the 1973 Finnish cross-sectional study, high prevalences of symptoms suggestive of ischemic disease (14 percent) and of ECG changes suggestive of coronary heart disease (15 percent) were observed for foundry workers (9) . However, the ECG changes did not follow any consistent † The significance of the test that the rate ratio is 1.00. ‡ ECG, electrocardiogram. p value † pattern, and the changes suggesting past myocardial infarction or coronary artery disease did not relate to smoking or CO exposure.
In a Norwegian study of workers in ferroalloy plants, overall mortality from cardiovascular diseases was not increased, but a significant increased mortality from sudden death (standardized mortality ratio ϭ 1.55) and hypertensive disease (standardized mortality ratio ϭ 1.37) was observed (21) . The authors concluded that either CO or manganese could be an etiologic factor.
The acute effects of CO exposure may aggravate myocardial ischemia, because CO reduces the oxygen-carrying capacity of blood by displacing oxygen from its hemoglobin transport system and interfering with tissue delivery of oxygen at the cellular level (22, 23) . Tachycardia and tachypnea that compensate for cellular hypoxia may cause acute cardiac events. Angina, pulmonary edema, and arrhythmias may result from increased cardiac output caused by cellular hypoxia, CO-myoglobin binding, and diminished oxygen release (24, 25) . People with coronary artery disease who are exposed to CO may manifest angina, myocardial infarction, rhythm problems, and reduced exercise capacity as a result of exposure.
The presence of silent myocardial disease and sudden cardiac death may be linked to CO exposure. Such occurrences are even the usual result of ventricular dysrhythmias (26) . Our results showing a high risk of ventricular arrhythmias are in concordance with those of human clinical studies (27, 28) .
It also has been shown that increased levels of hypoxemia, resulting from CO exposures or those resulting in hypoxia (4 percent carboxyhemoglobin levels), increase susceptibility to ventricular ectopy during exercise in persons with stabile angina pectoris (29) . Hinderliter et al. (27) demonstrated that CO exposure (4-6 percent carboxyhemoglobin levels) was not arrhythmogenic in patients with coronary artery disease who did not have ventricular ectopy at baseline. However, it has been shown (30) that in patients with previous ventricular ectopy, the frequency of single ventricular depolarizations increased by 30 percent, and multiple ventricular depolarizations increased threefold in CO-exposed patients.
Long-term effects of CO exposure may enhance atherosclerotic disease (10, 18) . CO may cause lipid peroxidation and oxidative stress, pathologic events that have been associated with progression of artery disease.
In conclusion, the present study found that exposure to CO increased ischemic heart disease mortality in foundry workers. Although in 1973 no systematic increase was seen in the prevalence of ECG findings indicating past myocardial infarction or suggesting coronary artery disease as a function of smoking, CO exposure, or both, the 20-year follow-up revealed that pathologic ECG findings (particularly changes in ST-J and ST waves or ventricular extrasystoles) had a long-term predictive value for mortality from ischemic heart disease. Even though smoking and alcohol drinking increased the risk of ischemic heart disease mortality, they did not decrease the significance of ECG changes as a predictor. 
